Mycoplasma pneumoniae is an important cause of community-acquired pneumonia (CAP). In this study, M. pneumoniae strains in PCR-positive specimens collected from patients in Sydney, Australia (30 samples), and Beijing, China (83 samples), were characterized using multilocus variable-number tandem-repeat (VNTR) analysis (MLVA), P1-restriction fragment length polymorphism (RFLP) analysis, and sequencing of domain V of the 23S rRNA gene to compare genotype distribution and macrolide resistance rates between locations. Eighteen distinct MLVA types were identified in specimens from Sydney, of which 10 were known (types E, G, J, M, N, P, U, V, S, and X) and 8 previously unknown. Strains were equally distributed between P1-RFLP type 1 and type 2 variants. Among samples from Beijing, MLVA types E, G, J, P, U, X, and Z and four new types were identified. Most specimens belonged to P1-RFLP type 1. A nomenclature based on five VNTR loci is proposed to designate MLVA patterns. Macrolide resistance-associated mutations were identified in only 1 of 30 specimens (3.3%) from Sydney and 71 of 83 (85.5%) from Beijing (P < 0.05). This study demonstrated that although multiple individual M. pneumoniae strains were circulating in Beijing, the genotypes were less diverse than those in Sydney. However, the greatest regional difference was in the incidence of macrolide resistance, which may reflect differences in antibiotic use and/or measures in resistance control.
M
ycoplasma pneumoniae is an important pathogen causing community-acquired pneumonia (CAP), especially in children and young adults (1, 2) . M. pneumoniae infections are increasingly recognized epidemically worldwide and as being endemic to some regions (3, 4) . Previous reports showed regional differences in molecular profiles of M. pneumoniae (3, (5) (6) (7) . Knowledge of these molecular characteristics is essential for outbreak investigation and to monitor the epidemiology of M. pneumoniae infections.
For the past 20 years, P1 gene restriction fragment length polymorphism (P1-RFLP) has been the most common molecular typing method for M. pneumoniae (8) (9) (10) . Recombination events at two repetitive sequence loci, RepMP2/3 and RepMP4, (11) in the P1 gene contribute to gene variation, as reflected in sequence variants and subtypes, but the discriminatory power of this method is limited (12) (13) (14) . Recently, a multilocus variable-number tandemrepeat (VNTR) analysis (MLVA) method was developed by Dégrange et al. for M. pneumoniae isolates; this has a higher discriminatory power and can differentiate more than 26 distinct types (15) . A culture-independent MLVA method for use directly from clinical specimens has also been described (7) . Macrolideresistant M. pneumoniae clinical isolates were first reported in the 1990s, and the incidence has been increasing ever since, with various rates in different geographic regions (16) (17) (18) (19) (20) .
In this study, we used MLVA, P1-RFLP analysis, and detection of macrolide resistance-associated mutations to compare characteristics of M. pneumoniae detected by PCR in clinical specimens from Beijing, China, and Sydney, Australia. Positive samples were identified using real-time PCR as described previously (21); only one sample from each patient was included. Specimen types included sputum, throat swabs, nasopharyngeal swabs or aspirates, bronchoalveolar lavage fluid (BALF), and pleural fluids. DNA was extracted using the QIAamp DNA minikit (Qiagen) or the NucliSENS easy-MAG (bioMérieux) according to the manufacturer's instructions and was immediately used for PCR detection. M. pneumoniae-positive DNA extracts were stored at Ϫ20°C until required for genotyping.
MATERIALS AND METHODS

Clinical
MLVA typing. MLVA was based on the five tandem repeat loci described by Dégrange et al. (15) . Numbers of repeats were determined by sequencing. The MLVA loci were amplified with primers described previously (7) using a nested multiplex PCR to increase specificity. Briefly, the nested PCR was performed using 2ϫ HotStar Taq master mix (Qiagen) in a 25-l reaction mixture containing 12.5 l of the 2ϫ Qiagen master mix, 0.5 l of each forward and reverse primer (10 mol/liter), 1 l extracted DNA, and 10.5 l of molecular-grade water. The PCR was performed at 95°C for 10 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min and then a final extension of 72°C for 10 min. The amplified products were purified using ExoStar PCR and a sequencing cleanup kit (GE Healthcare), as instructed by the manufacturer, and sequenced using an ABI 3730xl DNA analyzer (Applied Biosystems).
The MLVA types were assigned according to the nomenclature described by Dégrange et al. (15) using letters as MLVA types. The numbers of repeats at each of the five loci were linked together in a digital format in the order Mpn1-Mpn13-Mpn14-Mpn15-Mpn16 to designate MLVA patterns, e.g., 8-3-5-7-2.
P1 gene typing. P1 genotyping was performed by PCR amplification of the RepMP4 and RepMP2/3 elements of the P1 gene. The PCR products were cut with restriction enzyme HaeIII. The digested fragments were separated using agarose gel electrophoresis, and patterns were interpreted as previously described (10) . The P1 types were confirmed by sequencing and compared to reference sequences by performing BLAST searches in GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Detection of macrolide resistance-associated mutations. Macrolide resistance-associated mutations in domain V of the 23S rRNA gene were detected using nested PCR-linked capillary electrophoresis and singlestrand conformation polymorphisms (nPCR-CE-SSCP) as previously described by our group (20) .
Data analysis. MLVA types were analyzed based on the difference in numbers of repeats identified at each of the five loci. The repeat numbers were recorded and imported into the Bionumerics software (version 5.0; Applied Maths) to perform the dendrogram and the minimum spanning tree (MST) analysis. The dendrogram was generated based on the categorical coefficient and an unweighted-pair group method using average linkages (UPGMA) algorithm. The MST analysis was performed on the categorical coefficient with a priority rule of the first link types set as the highest number of single-locus variants (SLVs).
RESULTS
Molecular profiles of M. pneumoniae in respiratory specimens from Sydney. Eighteen MLVA types, each represented by one to three specimens, were identified among 30 samples from Sydney patients. Of these, 10 were known MLVA types (E, G, J, M, N, P, S, U, V, and X) based on the Dégrange nomenclature, represented by 21 (70%) specimens; eight types could not be assigned according to this nomenclature. All genotypes were represented using the proposed five-digit MLVA patterns. In one sample Mpn13 was not amplified, giving the profile 3-0-5-7-2. Mpn1 produced the most variable-repeat numbers of all loci, ranging from two to nine; the remaining four loci were less variable. When Mpn1 was excluded, three major MLVA clusters were identified: 3-5-6-2 (12 specimens, six MLVA types), 3-5-7-2 (5 specimens, four MLVA types), and 4-5-7-2 (10 specimens, five MLVA types) (Fig. 1 ).
There were four P1-RFLP genotypes among 30 samples: 15 of type 1, 7 each of types 2a and 2c, and 1 of type 2b. No obvious correlation between P1-RFLP and MLVA types was identified, and there was no apparent temporal clustering of either MLVA or P1-RFLP types during the period of specimen collection (Fig. 1) .
Sequencing of domain V of the 23S rRNA gene identified a macrolide resistance-associated mutation (A2064G) in one specimen (3.3%).
Molecular profiles of M. pneumoniae in respiratory specimens from Beijing. There were 11 MLVA types among 83 specimens, of which seven were previously known types (E, G, J, P, U, X, and Z), based on the Dégrange nomenclature; they accounted for 76 (91.6%) specimens; of these, the four types U (24), X (19), P (16), and J (8) accounted for 80.7% of specimens. The other four were novel MLVA types. Most specimens (78; 93.9%) shared a common pattern at the last four loci, 4-5-7-2, including seven MLVA types that clustered together in the dendrogram (Fig. 2) . In one specimen, locus Mpn1was not amplified (profile 0-2-5-5-2).
In the P1-RFLP analysis, 80 (96.4%) of samples contained type 1, and the remainder contained type 2c (Fig. 2) .
Macrolide resistance mutations were identified in domain V of the 23S rRNA gene in 71 specimens (85.5%), of which 68 were A2063G and three A2063C; they occurred throughout the 5-year period. There was no correlation between MLVA types and macrolide resistance (Fig. 2) .
Comparison of molecular features between samples from Beijing and Sydney. The genetic relationships of all 113 samples from Beijing, China, and Sydney, Australia, were analyzed by construction of an MST using Bionumerics software (Applied Maths) (Fig. 3) . At locus three (Mpn14), there were five repeats in all samples tested. In contrast, there were major differences at the second locus (Mpn13), which, with a few exceptions, grouped MLVA patterns into clusters between and among samples from Beijing and Sydney. The majority of samples from Sydney had three repeats at Mpn13, and the most common pattern was 3-5-6(7)-2, whereas most samples from Beijing had four repeats, with the most common pattern being 4-5-7-2(3). MLVA pattern diversity among samples was highlighted by the MST, with the first locus (Mpn1) being the most diverse marker that subdivided clusters at both geographic locations. There was a marked difference in prevalence of macrolide resistance mutations between samples from Beijing and Sydney (chi square ϭ 86.1, P Ͻ 0.05), which was found in all of Beijing MLVA patterns but in only one from Sydney ( Fig. 1, 2, and 3) .
DISCUSSION
M. pneumoniae activity that is endemic to certain regions occurs with periodic prolonged epidemics or periods of increased activity that are separated by a few years (3, 4, 6) . Molecular typing is required to determine whether periods of increased activity are true epidemics due to the spread of a predominant strain or increases in the prevalence of several strains.
In 2007, Degrange et al. described an MLVA method for M. pneumoniae based on five VNTR loci which they used to study 265 isolates, mainly from France, collected over about a decade. They identified 26 different MLVA patterns, which they designated A to Z, based on five-digit codes representing the numbers of repeats at each locus. Five MLVA types, P, U, O, J, and E, accounted for nearly 60% of isolates (15) . Since then, several studies have shown different combinations of generally four to six predominant strains circulating simultaneously (3, 5-7) and changing over time (22) . Most studies indicate that periods of apparent epidemic activity generally are not due to single epidemic strains (3, 6, 22) . However, true epidemics can occur; Pereyre et al. reported an outbreak of M. pneumoniae infections due to clonal spread of a single strain among children attending a primary school and their household contacts (23) .
Our results confirmed that Mpn1 was the most variable locus, as reported by Benitez et al., who demonstrated multiple insertions or deletions of tandem repeats within this locus (5) . Excluding this locus, MLVA types in studies reported from Europe and the United States have shown two predominant patterns for the last four repeats, namely Ϫ4-5-7-2(3) and Ϫ3-5-6(7)-2. In our study, there are 11 MLVA types in pattern 4-5-7-2(3) and 17 MLVA types in pattern 3-5-6(7)-2. These MLVA types are shared by 93.3% of Sydney specimens (28/30). (Fig. 1) . There was less diversity among Beijing specimens; most MLVA types shared the pattern 4-5-7-2, representing seven MLVA types and 93.9% of specimens (Fig. 2) . This is consistent with the findings of another study from Beijing, in which 175 (87.1%) and 15 (7.5%) of 201 specimens contained MLVA patterns 4-5-7-2 and 3-5-6-2, respectively (24) .
On the other hand, the most variable locus, Mpn1, has an important role in the investigation of local epidemics due to its high discriminatory power. A previous report showed repeat numbers ranging from one to eight (5) . In this study, we identified one specimen with nine repeats at Mpn1 and one in which it failed to amplify, suggesting the potential variation at this locus is even greater. It is possible that this variation could be used to investigate outbreaks in small settings, such as schools or hospitals.
Until 2009, P1-RFLP typing was the main genotyping method. It has become a marker of gene evolution due to its low discrimination power. In this study, most specimens from China were identified as P1 type 1, and only three (3.6%) were P1 type 2c. Zhao et al. (24) also found that a majority of specimens from Beijing were P1 type 1, whereas in Sydney specimens were evenly divided between type 1 and type 2 variants, as described in European countries and the United States (4, 5, 15) . The other major difference was a much higher rate of macrolide resistance mutations in Beijing (85.5%) than in Sydney (3.3%), which has been described in other studies from Asia (18, 25, 26) . In common with Zhao et al., we found no correlation between MLVA type and macrolide resistance (24) . As most strains from Beijing were P1 type 1, we cannot infer that P1-RFLP type 1 strains were more likely to acquire macrolide resistance. The high rate of macrolide resistance in China more likely is related to excessive use of antibiotics. Further studies are needed to identify relatedness, if any, between macrolide resistance and genotype.
In conclusion, there were regional differences in molecular profiles of M. pneumoniae from specimens obtained in Sydney and Beijing, but these should be interpreted with caution as the patient populations were different (a wide age range among Sydney patients but only children in Beijing). MLVA typing is far more discriminatory than P1 gene subtyping, which makes it more useful for epidemiological studies and comparisons between regions. Alternative molecular typing methods, including wholegenome sequencing, may provide a better understanding of the molecular characteristics of M. pneumoniae. . The color of the circles corresponds to sample source: white for Beijing, China, and gray for Sydney, Australia. R indicates the presence of macrolide resistance, and the number in parentheses indicates the number of the resistant samples out of the total in a particular MLVA type. The size of the circle is proportional to the number of samples belonging to the indicated MLVA type. The distance between neighboring MLVA types is expressed as the number of allelic changes and is indicated by 1, 2, and 3 for one, two, and three changes, respectively.
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